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ABSTRACT

Cytoplasmic poly(A)-binding protein (PABP) C1 recruits different interacting partners to regulate mRNA fate. The majority of
PABP-interacting proteins contain a PAM2 motif to mediate their interactions with PABPC1. However, little is known about
the regulation of these interactions or the corresponding functional consequences. Through in silico analysis, we found that
PAM2 motifs are generally embedded within an extended intrinsic disorder region (IDR) and are located next to cluster(s) of
potential serine (Ser) or threonine (Thr) phosphorylation sites within the IDR. We hypothesized that phosphorylation at these
Ser/Thr sites regulates the interactions between PAM2-containing proteins and PABPC1. In the present study, we have tested
this hypothesis using complementary approaches to increase or decrease phosphorylation. The results indicate that changing
the extent of phosphorylation of three PAM2-containing proteins (Tob2, Pan3, and Tnrc6c) alters their ability to interact with
PABPC1. Results from experiments using phospho-blocking or phosphomimetic mutants in PAM2-containing proteins further
support our hypothesis. Moreover, the phosphomimetic mutations appreciably affected the functions of these proteins in
mRNA turnover and gene silencing. Taken together, these results provide a new framework for understanding the roles of
intrinsically disordered proteins in the dynamic and signal-dependent control of cytoplasmic mRNA functions.
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INTRODUCTION

Mammalian cytoplasmic poly(A)-binding protein (PABP)
C1 is a highly conserved and abundant RNA-binding protein
that binds to the 3′ poly(A) tails of mRNAs and has several
roles in controlling the cytoplasmic fate of mRNA (Mangus
et al. 2003; Kuhn and Wahle 2004). In the cytoplasm,
PABPC1 proteins in complex with mRNA 3′ poly(A) tails
facilitate formation of the “closed-loop” structure of the
mRNA-ribonucleoprotein particle (mRNP) (Jacobson 1996;
Wells et al. 1998). This closed-loopmRNP structure helps en-
hance translation initiation and termination, promote recy-
cling of ribosomes, and influence the stability of the mRNA
(Jacobson 1996; Sachs 2000; Wilusz et al. 2001; Coller and
Parker 2004; Sonenberg and Hinnebusch 2009; Brook and
Gray 2012). In these cytoplasmic processes, PABPC1 serves
as a binding scaffold for other proteins involved in translation
regulation andmRNA turnover. The recent discovery that in-

teractions of GW182/Tnrc6 proteins with PABPC1 are critical
for miRNA-mediated gene silencing (for review, see, e.g.,
Tritschler et al. 2010) further highlights the importance of
studying the actions of interactions between PABPC1 and
its partners for understanding the post-transcriptional con-
trol of gene expression.
Among mammalian PABPC1-interacting proteins, at least

16 contain the motif of ∼12 amino acids termed the PABP-
interacting Motif 2 (PAM2) (Albrecht and Lengauer 2004;
Tritschler et al. 2010). Structural data show that the PAM2
motif binds to the highly conserved MLLE domain in the
C-terminal region of PABPC1 (Kozlov et al. 2004; Jinek
et al. 2010; Kozlov and Gehring 2010). Among the PAM2-
containing proteins are several well-studied translation and
mRNA decay factors, including PAIP1 (Roy et al. 2002),
PAIP2 (Khaleghpour et al. 2001), Tnrc6 (Eystathioy et al.
2003), translation termination factor 3 (eRF3) (Hoshino
et al. 1999), PABP-dependent poly(A) nuclease subunit 3
(Pan3) (Uchida et al. 2004), and transducer of erbB-2 pro-
teins (Tob) (Ikematsu et al. 1999). The number of PAM2-
containing proteins and their varied roles in mRNA metabo-
lism suggest several important questions. For example, how
does the cell regulate interactions between PABPC1 and its
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binding partners to respond to different biological processes?
Whatmolecularmechanism controls association and dissoci-
ation between PABPC1 and individual binding partners?

In view of the observation that PAM2 motifs appear to oc-
cur outside globular protein domains (Albrecht and Lenga-
uer 2004), we hypothesized that PAM2 motifs primarily
reside in intrinsically disordered or unstructured regions
(IDRs). IDRs can retain significant regions of disorder under
physiological conditions, even when positioned near one or
more structured domains (Radivojac et al. 2007; Brown
et al. 2011; Uversky 2011). Interestingly, a recent study of
mRNA interactomes found that proteins associated with
mRNAs are highly enriched in IDRs compared to the human
proteome overall (Castello et al. 2012). The dynamic nature
of IDRs combines structural flexibility with a high functional
density and multiple interaction interfaces (Dunker et al.
2002; Tompa and Csermely 2004; Dyson and Wright 2005).
The major functions currently ascribed to disordered re-
gions are protein–protein binding, protein–DNA/RNA bind-
ing, substrate–ligand binding, and phosphorylation targets
(Dunker et al. 2002; Tompa and Csermely 2004; Dyson
and Wright 2005).

Reversible protein phosphorylation provides a key regula-
torymechanism for a plethora of signal transduction process-
es in eukaryotic cells (for review, see, e.g., Hunter 2007;
Temporini et al. 2008; Gnad et al. 2011). Most phosphoryla-
tion occurs at serine or threonine residues (Sugiyama et al.
2008; Reiland et al. 2009). One characteristic feature of dis-
ordered segments is an enrichment in polar, uncharged
amino acids such as serine and threonine (Iakoucheva
et al. 2004). It has also been noted that the amino acid compo-
sition, sequence complexity,hydrophobicity, andchargeof re-
gions adjacent to phosphorylation sites resemble those of
IDRs (Johnson and Lewis 2001; Iakoucheva et al. 2004).
Based on these observations, IDRs are
predicted to be “hotspots” for protein
phosphorylation.

We have conducted a bioinformatics
analysis of thirteen human PAM2-con-
taining proteins and found that, with
the exception of eRF3b, the PAM2 motif
is embedded in an extended IDR and is
close to a cluster or clusters of potential
Ser/Thr phosphorylation sites. We hy-
pothesized that reversible phosphoryla-
tion of these Ser/Thr clusters is required
for modulating interactions between the
PAM2-containing protein and PABPC1,
thereby controlling mRNA fate. To test
this hypothesis, in this study we used
complementary approaches to change
the phosphorylation states of three repre-
sentative PAM2-containing proteins and
determine the corresponding functional
consequences. The experimental results

not only support our hypothesis but also provide a new
framework for designing future studies to investigate how
the many distinct mRNA functions involving PABPC1 and
its PAM2-containing interacting partners may be regulated
and coordinated in eukaryotic cells.

RESULTS

PAM2 motifs are generally embedded within
intrinsically disordered regions

As PAM2 motifs in general occur in protein regions that
seem not to assume any known structure (Albrecht and
Lengauer 2004), we used two online tools, “PONDR” and
“Globplot,” to identify candidate IDRs within 13 human
MLLE domain-interacting, or PAM2-containing, proteins
(Supplemental Table S1). PONDR analysis predicts regions
that are not rigid (including random coils, partially unstruc-
tured regions, and molten globules) based on local amino
acid composition, flexibility, and hydropathy (Romero
et al. 2004; Xue et al. 2010). The Globplot predicts regions
with a high propensity for globularity on the Russell/
Linding scale (propensities for secondary structures and ran-
dom coils) (Linding et al. 2003). Analyses done by PONDR
predict that all PAM2-containing proteins examined have
an extensive IDR, with eRF3b predicted to be ∼25% IDR
and the others predicted to be >32% IDR (Supplemental
Table S1). Moreover, the PAM2 motifs in these proteins re-
side within the predicted IDRs (see representative examples
schematically shown in Fig. 1).
Fourof thePAM2-containingproteins analyzedbyPONDR

(Tob2, Pan3, eRF3b, and Tnrc6c, a paralog of Tnrc6 or
GW182) are relativelywell-characterized, with known cellular
functions. We thus focused on these four proteins to perform

FIGURE 1. Diagram of four representative PAM2-containing PABPC1-interacting proteins
showing PAM2motifs (red blocks), IDRs (blue wavy lines), clusters of potential phosphorylation
sites (asterisks; each asterisk denotes four Ser/Thr sites within a span of 10–20 aa), and structured
regions (black rectangles and lines). Human Tob2 (Q14106), Pan3 (Q58A45), TNRC6c
(Q9HCJ0), and eRF3b (Q8IYD1) amino acid sequences were analyzed by DISPHOS
(DISorder-enhanced PHOSphorylation predictor; http://www.ist.temple.edu/DISPHOS).
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additional analysis using Globplot. The results of this analysis
(Supplemental Fig. S1A) corroborated the PONDR results
(Supplemental Fig. S1B) and also highlight regions of low
complexity (i.e., sequences with overrepresentation of a few
particular residues), a feature of many proteins containing
IDRs (Linding et al. 2003). The predicted disordered regions
with embedded PAM2 motifs and structured regions of the
four proteins are schematized in Figure 1.

PAM2 motifs in IDRs are generally located next
to a cluster of phosphorylation sites

We used several web-based protein phosphorylation algo-
rithms to predict the sites and extent of potential phos-
phorylation in the IDRs of the PAM2-containing proteins
listed in Supplemental Table S1. The tools we used included
DISPHOS (DISorder-enhanced PHOSphorylation predictor,
http://www.ist.temple.edu/DISPHOS), Scansite (locates mo-
tifs associated with protein kinase phosphorylation; http://
scansite.mit.edu/motifscan_seq.phtml), PhosphoNET (a re-
pository of known and predicted information on human
phosphorylation sites and their evolutionary conservation;
http://www.phosphonet.ca), and NetPhos 2.0 Server (http://
www.cbs.dtu.dk/services/NetPhos). These algorithms pre-
dicted that the IDRs in the PAM2-containing proteins are
also the segments that contain clusters of potential phosphor-
ylation sites. It is striking that, in all cases except eRF3b, there
is at least one cluster of phosphorylation sites very close to
PAM2 motifs (see representative examples schematically
shown in Fig. 1). These bioinformatics results suggest that
PAM2-containing proteins have the potential to be hyper-
phosphorylated by kinases at clusters within their IDRs.
Based on this, we suspected that the interaction of a PAM2
motif with the MLLE domain of PABPC1 could be modu-
lated via variable phosphorylation at these serine/threonine
clusters. This regulatory scheme could form the basis by
which cells differentially and selectively control the interaction
of PABPC1 with distinct PAM2-containing partners during
mRNA turnover, translation, and gene silencing.

Phosphorylation of Tob2 and its ability
to interact with PABPC1

To test whether the interaction of a PAM2 motif with the
MLLE domain of PABPC1 is modulated by the degree of
phosphorylation, we first determined whether the extent of
Tob2 phosphorylation affects its association with PABPC1.
Tob2 is a known phosphoprotein that can simultaneously in-
teract with Caf1 deadenylase via its structured N-terminal
BTG domain and with PABPC1 via the two PAM2 motifs
in the C-terminal IDRs (Okochi et al. 2005; Ezzeddine et
al. 2007; Mauxion et al. 2008; Miyasaka et al. 2008). Point
mutations that change the highly conserved phenylalanines
to alanines in each of the two PAM2 motifs (Tob2-FF mu-
tant) (Ezzeddine et al. 2007) abolish Tob2’s ability to interact

with PABPC1. Ectopically expressed Tob2, either wild-type
(WT) or FF mutant, displays three distinct bands by Western
blot analysis, and in vitro alkaline phosphatase (AP) pretreat-
ment collapsed the three bands into one major band (Fig. 2A,
upper left), indicating that Tob2 proteins can be phosphory-
lated to different extents. As a control, we showed that AP
pretreatment of TTP, an ARE-binding protein known to be
highly phosphorylated (Tiedje et al. 2010; Sanduja et al.
2011), effectively removed its phosphates. It is worth noting
that the relative mobilities and intensities of the three bands
for Tob2-FF differ from those for WT Tob2, suggesting a link
between its phosphorylation state and its ability to interact
with PABPC1.
We then performed coimmunoprecipitation (co-IP) ex-

periments to see whether phosphate removal from Tob2
affects its interaction with PABPC1. To rule out the possibil-
ity that coprecipitation of the proteins is due to their associ-
ation with RNA, the co-IP experiments were performed in
the presence of RNase A. Ectopically expressed Tob2-V5
was pulled down and divided into two equal parts, one
with AP treatment and one with mock treatment. Both sam-
ples were then incubated with lysate from myc-PABPC1-
expressing cells. The results showed that phosphatase-treated
Tob2 pulled downmoremyc-tagged or endogenous PABPC1
than mock-treated Tob2 that remains phosphorylated (Fig.
2A, upper right; Supplemental Fig. S2). In contrast, there
was no difference in the amount of Caf1 pull-down via the
structured N-terminal domain of Tob2 (Fig. 2A, upper
right). Together, these observations suggest that the extent
of phosphorylation of Tob2 is inversely proportional to the
strength of its interaction with PABPC1. To corroborate
this result, we conducted a complementary co-IP experiment
in which cells were cotransfected with myc-PABPC1 and
Tob2-V5. The result (Fig. 2A, lower left) showed that myc-
PABPC1 selectively pulls down the two less phosphorylated
bands of WT Tob2. The control experiment showed that
myc-PABPC1 did not pull down the Tob2-FF mutant, which
lacks the ability to interact with PABPC1 (Ezzeddine et al.
2007). Collectively, we conclude that, while the two PAM2
motifs of Tob2 are essential for eliciting its interaction with
PABPC1, the extent of Tob2 phosphorylation modulates
the strength of this interaction.

Removal of phosphates from Pan3 and Tnrc6c
enhances their interaction with PABPC1

Wenext testedwhether removalof phosphates fromthreeoth-
er PAM2-containing proteins (Pan3, Tnrc6c, and eRF3b) also
enhances their interaction with PABPC1. Among the three
proteins, Tnrc6c is predicted to have the highest proportion
of IDR and potential phosphorylation sites, and eRF3b is
predicted to have the least (Fig. 1). The results of the co-IP
experiments showed that phosphatase-treated Tnrc6c pulled
down appreciably more PABPC1 than the mock-treat-
ed one (Fig. 2B, left). As expected, phosphatase treatment
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resulted in a clear increase of HA-Tnrc6c migration on SDS-
PAGE, indicative of removal of an appreciable amount of
phosphates from this protein. In contrast, there was no obvi-
ous difference in the amount of coimmunoprecipitated Ago2
following phosphatase treatment.

Similarly, phosphatase treatment increased the migration
of HA-Pan3 and increased the amount of coimmunoprecipi-
tated PABPC1 (Fig. 2B, middle), whereas there was only a
marginal increase in the amount of Pan2 deadenylase pull-
down after phosphatase treatment. In contrast to Tnrc6c
and Pan3, HA-eRF3b did not show any apparent change in
its SDS-PAGE migration after phosphatase treatment (Fig.

2B, right), consistent with the prediction
that this protein has fewer phosphory-
lation sites in its IDR compared to
other PAM2-containing proteins (Fig.
1). Moreover, phosphatase treatment
did not change the amount of PABPC1
or eRF1 pulled down by HA-eRF3b. It
is worth noting that eRF3b coimmun-
oprecipitates much more PABPC1 than
Tob2, Pan3, or Tnrc6c does (Fig. 2), sug-
gesting that eRF3b has stronger intrinsic
PABPC1-binding than the other three
proteins. Together, these results support
the notion that the extent of phosphor-
ylation of PAM2-containing proteins
modulates the strength of their interac-
tions with PABPC1.

Effects of increased phosphorylation
of Tob2 and Pan3 on their
interactions with PABPC1

We then used a complementary approach
to test whether increasing phosphoryla-
tion of the PAM2-containing proteins af-
fects their interaction with PABPC1. We
first treated cells transfected with Tob2
with increasing amounts of calyculin A,
a potent inhibitor of the Ser/Thr phos-
phatase activities (Suganuma et al. 1990)
of two major mammalian phosphatases,
PP1 and PP2A (Brautigan 2012). The
calyculin A treatment resulted in sig-
nificantly increased phosphorylation of
Tob2. This effect appears to be specific
for Tob2 as it was not detected with
PABPC1, Caf1, or actin (Fig. 3A). The re-
sults of co-IP experiments using these
calyculin A-treated lysates showed that,
when the phosphorylation of Tob2 in-
creased, the amount of PABPC1 (both en-
dogenous and myc-tagged) pulled down
by Tob2 decreased (Fig. 3A). In contrast,

calyculin A treatment had no effect on the ability of Tob2 to
pull down Caf1. Together, these results show that increasing
phosphorylation of Tob2 compromised its interaction with
PABPC1.
We then tested the effect of calyculin A treatment on Pan3,

Tnrc6, and eRF3b. The results showed that calyculin A treat-
ment increased the phosphorylation of Pan3 and also dimin-
ished the amount of PABPC1 pulled down by Pan3 (Fig. 3B,
upper left). On the other hand, Tnrc6 exhibited only a
modest change in SDS-PAGEmobility after calyculin A treat-
ment (Fig. 3B, upper right), suggesting that little increase in
phosphorylation occurred. As expected, eRF3b showed no

FIGURE 2. Effects of alkaline phosphatase treatment on phosphorylation of four PAM-2 con-
taining proteins and their interactions with PABPC1. (A) Upper left: Alkaline phosphatase (AP)
or control (mock) treatment of immunoprecipitated Tob2-V5, Tob2-FF-V5, and TTP-V5 leads
to a collapse of multiple higher bands into one band in SDS-PAGE. TTP, a highly phosphorylated
protein, was used as a positive control for phosphatase treatment. Upper right: Western blot anal-
ysis showing that phosphatase-treated Tob2-V5 pulls down much more myc-PABPC1 than does
mock-treated Tob2-V5, whereas both pull down an equal amount of Caf1. Lower left:Western blot
analysis showing thatmyc-PABPC1 selectively pulled down the bottom two bands, corresponding
to less-phosphorylated forms of Tob2-V5 and did not pull down Tob2-FF-V5 or GAPDH. (B)
Effects of alkaline phosphatase treatment on phosphorylation of Tnrc6c (left), Pan3 (middle),
or eRF3 (right) and their interactions with PABPC1 or other partners. Actin served as a negative
control. Gray arrowheads denote migration change of HA-Tnrc6c or Pan3 bands following AP
treatment. Cell extracts for IP experiments were prepared fromNIH3T3 cells that were transiently
transfected with the plasmids encoding the proteins indicated.
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migration change (Fig. 3B, lower left), indicating that calycu-
lin A did not elicit an increase in phosphorylation of eRF3b.
The results of co-IP/Western experiments showed that the
amounts of PABPC1 pulled down by Tnrc6c and eRF3b
were not affected by calyculin A treatment (Fig. 3B, upper
right and lower left). Thus, the extent of change in phosphor-
ylation of PAM2-containing proteins correlated with the de-
gree of change in their interaction with PABPC1. Calyculin A
did not change the electrophoretic migration of PABPC1
(Fig. 3) or other interacting partners of Pan3, Tnrc6, and
eRF3 (Pan2, Ago2, and eRF1, respectively) (Fig. 3B), con-
firming that phosphorylation of these proteins was unaltered
by calyculin A. The control experiments showed that calycu-

lin A treatment did not change the amount of Pan2, Ago2, or
eRF1 pulled down by Pan3, Tnrc6c, or eRF3b, respectively
(Fig. 3B). Thus, results from the two complementary ap-
proaches of decreasing and increasing phosphorylation
(Figs. 2, 3) support our hypothesis that phosphorylation at
the Ser/Thr clusters in their IDRs can modulate the interac-
tion of PAM2-containing proteins with PABPC1.

Phosphomimetic mutations in the IDRs of Tob2, Pan3,
and Tnrc6c diminish their interactions with PABPC1

To further test our hypothesis, we created phosphomimetic
mutants of Tob2, Pan3, and Tnrc6c. We targeted the Ser/
Thr residues within IDRs that are predicted to be phosphor-
ylation sites and are near the PAM2motif in each of the three
proteins (Fig. 1; also see Supplemental Fig. S3). The Ser/Thr
residues were changed either to alanines to create non-
phosphorylatable (NP) mutants or to Asp/Glu residues to
create phosphomimetic (PM) mutants. Western blot analysis
showed a discernable difference in the apparent molecular
weights between the respective NP and PM mutants, as ex-
pected with different levels of phosphorylation (Fig. 4A).
The results of co-IP experiments (Fig. 4A) showed that, in
all three proteins, the PM mutants pulled down much less
PABPC1 than did the correspondingWT proteins, indicating
a diminished interaction of PM mutants with PABPC1. On
the other hand, the amounts of PABPC1 pulled down by
the NP mutants of Pan3 and Tnrc6c were similar to those
pulled down by the corresponding WT proteins (Fig. 4A,
left and right). The Tob2 NP mutant pulled down less
PABPC1 than did WT Tob2 (Fig. 4A, middle). However, in
all cases the NP mutant pulled down more PABPC1 than
did the corresponding PM mutant (Fig. 4A). Moreover, nei-
ther PM nor NP mutations affected the amount of Caf1
pulled down by Tob2, Pan2 pulled down by Pan3, or Ago2
pulled down by Tnrc6c (Fig. 4A). Collectively, these re-
sults further support the notion that phosphorylation in
the IDRs near PAM2 motifs specifically compromises the
interaction of PAM2-containing proteins with PABPC1.

Phosphomimetic mutations alter Tob2, Pan3,
and Tnrc6c functions

Pan3 and Tob2 act as positive regulators of Pan2 and Caf1
deadenylases, respectively, in a PABPC1-dependent manner.
To test the functional significance of the effect of PM muta-
tions on the interactions of Pan3 and Tob2 with PABPC1
(Fig. 4A, left and middle), we carried out a cell-based poly
(A) size-distribution assay to determine whether the PMmu-
tations alter the deadenylation-enhancing function of the pro-
teins (Fig. 4B). Total cytoplasmic mRNA was extracted, and
the poly(A) tails were labeled at the 3′ end with α-[32P] 3′-
deoxyadenosine (cordycepin) (Rose et al. 1977), followed by
digestion with RNases T1 and A to remove themRNA bodies.
The resulting poly(A) tail samples were then analyzed by

FIGURE 3. Effects of calyculin A treatment on phosphorylation of
PAM2-containing proteins and their interactions with PABPC1. (A)
Western blot analysis showing that Tob2-V5 undergoes dosage-depen-
dent increases in phosphorylation after calyculin A (CA) treatment.
Myc-PABPC1, endogenous PABPC1, Caf1, and actin did not show dis-
cernable changes inmigration. Immunoprecipitated Tob2-V5 fromCA-
treated cell lysates pulled down less myc-PABPC1 and endogenous
PABPC1 as the CA concentration increased, whereas no such change
was observed for co-IP of Caf1. (B) Co-IP and Western blotting exper-
iments showing the effects of CA treatment of Pan3 (upper left),
Tnrc6c (upper right), and eRF3 (lower left) on their interactions with en-
dogenous PABPC1 and other partners. Asterisks denote IP samples that
were further treated with alkaline phosphatase and served as unphos-
phorylated controls. Note that eRF3 did not show any discernable
change in its migration. Cell extracts for IP experiments were prepared
from NIH3T3 cells that were transiently transfected with the plasmids
encoding the proteins indicated.
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denaturing gel electrophoresis. The results showed that WT
Pan3 and Tob2 enhance the Pan2 and Caf1 activities, respec-
tively, resulting in accumulation of mRNAs with shorter poly
(A) tails (Fig. 4B). The NP mutants of Pan3 and Tob2 re-
mained capable of enhancing deadenylation mediated by
Pan2 andCaf1, respectively, resulting in poly(A) size-distribu-
tionpatterns similar to those causedbyWTPan3orTob2 (Fig.
4B). In contrast, Pan3 PM and Tob2 PM mutants, which ex-
hibit diminished interactions with PABPC1, did not enhance

Pan2- or Caf1-mediated deadenylation; the poly(A) tail size
distributions were similar to those observed in the absence
of Pan3 or Tob2 (Fig. 4B). Together, results from this func-
tional assay showed that PMmutations near the PAM2motif
in IDRs of Pan3 and Tob2 have a functional consequence,
namely, decreasing the ability of Pan3 and Tob2 to promote
deadenylation mediated by Pan2 and Caf1, respectively.
To test whether PM or NP mutations in the silencing

domain of Tnrc6c affect its function in miRNA-mediated

FIGURE 4. (A) Co-IP and Western blotting experiments showing effects of nonphosphorylatable (NP) and phosphomimetic (PM) mutations of
Pan3 (left), Tob2 (middle), and Tnrc6c (right) on their interactions with PABPC1 or other partners. GAPDH served as a control for nonspecific
co-IP. (B) Functional effects of NP and PM mutations of Pan3 (left) and Tob2 (right). Poly(A) size-distribution profile analysis for Pan3 and
Tob2 was performed as described in Materials and Methods. Cells were transiently transfected with the plasmids encoding the proteins indicated.
Western blot analysis assesses protein expression levels. (C) Results of dual luciferase assays showing the gene silencing actions of WT Tnrc6c and
its NP and PM mutants. Histograms (left) show the relative changes of Renilla luciferase (RL) activity detected in extracts from cells that were tran-
siently cotransfected with a plasmid coding for firefly luciferase (FL) mRNA and RL mRNA that contain four boxB sites in the 3′ UTR, and a plasmid
coding for λN-HA-Tnrc6c (WT or mutant). The RL/FL activity observed in the extract expressing λN-HA-lacZ was set at 100%. All data represent the
normalized mean ± standard errors (n = 3). Western blot analysis (right) was used to assess the expression levels of the recombinant proteins.
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gene silencing, we used an RNA-tethering approach com-
bined with a dual luciferase assay. λ N-peptide (λN), a
high-affinity ligand for the boxB RNA stem–loop, was fused
to HA-Tnrc6c and its PM and NP mutants. Each fusion pro-
tein vector was cotransfected with the vector encoding Renilla
luciferase (RL) mRNA that carried four boxB sites in the 3′

UTR (Pillai et al. 2004; Chen et al. 2009). The results of the
dual luciferase assay showed that WT Tnrc6c effectively re-
pressed RL activity (Fig. 4C; compare to negative control
that coexpressed with λN-HA-lacZ). The overall RL activity
with ectopic expression of the Tnrc6c PMmutant was higher
than that with the Tnrc6c WT or the NP mutant (Fig. 4C,
left), indicating that the PM mutation most impaired the
gene silencing function of Tnrc6c. These results led us to con-
clude that both NP and PMmutations in the IDR around the
PAM2 motif in Tnrc6c compromise its silencing function,
with the PM mutation having a larger impact than the NP
mutation. The observation that both PM and NP mutations
of Tnrc6c compromise silencing suggests that this silencing
function requires reversible Tnrc6c phosphorylation.

DISCUSSION

This study focuses on the PAM2-motif containing partners of
PABPC1 in mammalian cells. Bioinformatics and structural
analyses revealed that thirteen human PAM2-motif contain-
ing proteins exhibit similar structural features: (1) They con-
tain IDRs; (2) PAM2 motifs are embedded within the IDRs;
and (3) the PAM2motifs are near one or more clusters of po-
tential phosphorylation sites (Fig. 1; Supplemental Table S1).
Based on these observations, we hypothesized that protein
phosphorylation at these Ser/Thr clusters may modulate
the interactions between PABPC1 and the PAM2-containing
proteins. The results of experiments with four of these PAM2-
containing proteins (Tob2, Pan3, Tnrc6c, and eRF3b) support
our hypothesis. We thus propose that interaction between
PABPC1 and a PAM2 motif-containing partner is brought
about by a two-stepmechanism (Fig. 5). First, the PAM2mo-
tif makes the initial contact with the MLLE domain in
PABPC1. This induces folding in the IDRs, promoting fur-
ther contacts with the MLLE domain and strengthening the
interaction. In this process, reversible phosphorylation at
the IDRs near the PAM2 motifs serves to modulate the inter-
action. This mechanism may represent a general means to
regulate the functions of the various PAM2-containing pro-
teins in eukaryotes.
The results of the present study support our model (Fig. 5).

We show that Tob2, Pan3, and Tnrc6c all can undergo ap-
preciable degrees of reversible phosphorylation. Among the
PAM2-containing proteins tested here, eRF3b is the least
phosphorylated and Tnrc6c is the most phosphorylated,
while Tob2 and Pan3 appear moderately phosphorylated.
Using two complementary approaches, we showed that the
degree of phosphorylation of these PAM2-containing pro-
teins correlates inversely with their ability to interact with

PABPC1. First, dephosphorylation by alkaline phosphatase
treatment greatly enhances the ability of Tob2, Pan3, and
Tnrc6c proteins to bind to PABPC1 (Fig. 2). The PABPC1
binding of eRF3b, whose electrophoretic mobility is not af-
fected by phosphatase treatment, is not altered by the phos-
phatase treatment (Fig. 2B, right). It is worth noting that
eRF3b is the least phosphorylated of the four proteins and
binds more PBAPC1 than the other three proteins (Fig. 2).
Second, calyculin A treatment, which greatly increased phos-
phorylation of Tob2 and Pan3, decreased their association
with PABPC1 (Fig. 3A,B, upper left). On the other hand,
calyculin A did not change the apparent phosphorylation
state of eRF3b or alter its interaction with PABPC1 (Fig.
3B, lower left). Calyculin A treatment also did not greatly in-
crease the phosphorylation or decrease the PABPC1 binding
of Tnrc6 (which is predicted to be already highly phosphor-
ylated) (Fig. 3B, upper right).
TheamountsofPABPC1pulleddownbyTnrc6 inourco-IP

experiments seem lower than those reported in previous
studies (Fabian et al. 2009; Zekri et al. 2009; Huntzinger et al.
2010). It is worth noting that the earlier studies did not use
full-length Tnrc6 paralogs for the co-IP experiments. Instead,
the earlier experimentsusednonphosphorylated recombinant
Tnrc6, the Tnrc6 silencing domain alone (Fabian et al. 2009;
Zekri et al. 2009), or a GFP-Tnrc6 fusion (Huntzinger et al.
2010) that could affect phosphorylation and expression of
Tnrc6. It is plausible that, in the present study, Tnrc6 has
more phosphorylation and, thus, lower PABPC1 binding.
Our finding that Tnrc6c pulled down more PABPC1 after
phosphatase treatment (Fig. 2B, left) supports this notion.
Functional assays showed that PM mutations of Tob2,

Pan3, and Tnrc6c that diminish their interactions with
PABPC1 (Fig. 4A) impair their biological functions to a

FIGURE 5. A model for regulation of interaction between eukaryotic
PABPC1 and a PAM2-containing protein by reversible phosphorylation.
(P– [in red font]) negatively charged phosphate group, (RRM) RNA-
Recognition Motif, (blue wavy lines) intrinsically disordered regions,
(black ovals) structured regions.
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greater degree than do NPmutants in the same proteins (Fig.
4B,C). Pan3 PM and Tob2 PM mutants were less effective in
enhancing the Pan2 andCaf1 deadenylases’ activities inmam-
malian cells, respectively (Fig. 4B). Similarly, the PM mutant
of Tnrc6c exhibited a decreased gene silencing effect (Fig.
4C). It should be noted that the functional impairment
seen in PM mutants could have other explanations, e.g., for-
tuitous alteration of protein conformation or folding as a re-
sult of introducing a number of Asp/Glu residues. Moreover,
as some NPmutants showed moderately decreased function-
ality, overly persistent binding of a PAM2 motif-containing
protein to PABPC1 could also hinder the cellular function.
Thus, the results here suggest that the cellular functions of
PAM2-containing proteins require their binding to PABPC1
to be both specific and reversible.

Tnrc6c, Pan3, and Tob2 are all positive regulators for
mRNA decay, with Tnrc6c being specific for miRNA targets
(Mangus et al. 2004; Liu et al. 2005; Ezzeddine et al. 2007;
Funakoshi et al. 2007). Moreover, all three proteins partici-
pate in mRNA decay by promoting deadenylation (for re-
view, see, e.g., Shyu et al. 2008; Chen and Shyu 2011).
Previously, we showed that mRNA deadenylation is biphasic,
with Pan2-Pan3 and Ccr4-Caf1 involved in the first and sec-
ond phases, respectively (Yamashita et al. 2005). Through
simultaneous interactions with PABPC1 and Pan2, Pan3 re-
cruits Pan2 deadenylase directly to the 3′ poly(A)-PABPC1
complex to initiate the first phase of deadenylation (Ya-
mashita et al. 2005; Funakoshi et al. 2007). Tob2 enhances
the second phase of deadenylation by recruiting the Ccr4-
Caf1 complex directly to the 3′ poly(A)-PABPC1 complex
(Ezzeddine et al. 2007; Funakoshi et al. 2007; Mauxion
et al. 2008). Interestingly, Tnrc6c is an integral part of a
miRNA-RISC complex on miRNA-targeted mRNAs, a com-
plex that recruits Pan2-Pan3 and Caf1-Ccr4 deadenylases to
the mRNAs without involving PABPC1 (Braun et al. 2011;
Chekulaeva et al. 2011; Fabian et al. 2011). This raises the
question of the functional significance of the interaction
between Tnrc6 and PABPC1. A recent study (Moretti et al.
2012) shed new light on this issue by showing that
PABPC1, through its interaction with Tnrc6, helps binding
of the miRISC complex on the target mRNA during the early
phase of silencing. Subsequently, during the silencing phase,
when deadenylases are recruited, the interaction between
PABPC1 and Tnrc6 weakens, allowing deadenylation to pro-
ceed. In light of this observation, we proposed that during
anchoring of miRISC, a less-phosphorylated state of Tnrc6
allows stronger interaction with PABPC1, whereas during
the silencing phase, increasing phosphorylation of Tnrc6
lessens its interaction with PABPC1 and allows deadenyla-
tion. One important implication of the results in the present
study is that a global change in miRNA-mediated gene silenc-
ing can be accomplished through signal-dependent, revers-
ible phosphorylation of Tnrc6 proteins.

In summary, our finding that PAM2-containing proteins
generally contain IDRs and are subject to dynamic phosphor-

ylation provides a framework for understanding how interac-
tions of various PAM2-containing proteins with PABPC1 are
regulated to coordinate PABPC1’s multiple roles in mRNA
turnover and translation. It is worth noting that the linker
between the four RNA-recognition motifs (RRMs) and the
MLLE domain in PABPC1 is also intrinsically disordered
according to our analyses using PONDR and Globplot.
Moreover, a recent study (Brook et al. 2012) reported that
PABPC1 is subjected to extensive post-translational methyl-
ation and acetylation, some of which was suggested to impact
the interactions between PABPC1 and PAM2-containing
proteins. It will be interesting to learn if reversible phosphor-
ylation at the IDR in PABPC1 has a role in its interactions
with PAM2-containing proteins. Our findings open up new
avenues to decipher the kinase/phosphatase signaling path-
ways that modulate the interactions between PABPC1 and
PAM2-containing proteins. Given that most of the RNA-
binding proteins in the mRNA interactome have IDRs
(Castello et al. 2012), the mechanismwe report heremay rep-
resent a general new paradigm in which reversible phosphor-
ylation of intrinsically disordered mRNA-binding proteins
helps remodel mRNPs from their biogenesis in the nucleus
to their turnover in the cytoplasm.

MATERIALS AND METHODS

Plasmid construction

The plasmids for myc-PABPC1, HA-Pan3, HA-Tnrc6c, λN-HA-
lacZ, HA-Caf1, Tob2-V5, and the Tob2-V5 (FF: F140A/F260A) mu-
tants were created as described previously (Yamashita et al. 2005;
Ezzeddine et al. 2007; Zheng et al. 2008; Chen et al. 2009). To gen-
erate pcDNA6-eRF3b-V5, mRNA from human testis was reverse-
transcribed into cDNA. The gene was then amplified using specific
primers (5′-TGGAATTCTGCAGATACCATGGATTCGGGCAGCA
GC-3′ and 5′-GCCACTGTGCTGGATTGTCCTTCTCTGGGACC
AAT-3′) and subcloned into the EcoRV-linearized pcDNA6-V5 vec-
tor. To construct phosphomimetic (PM, Ser/Thr→ Asp/Glu) mu-
tants and nonphospho (NP, Ser/Thr→ Ala) mutants of Tob2,
Pan3, and Tnrc6c, minigene fragments spanning the targeted area
of proteins with multiple mutations (Supplemental Fig. S3) were
synthesized by IDT and Invitrogene. The In-fusion kit (Clontech)
was used to replace the targeted regions in wild-type expression con-
structs with the minigenes, following the manufacturer’s manual.
DNA sequencing was performed to confirm all the desired muta-
tions and in-frame fusions.

Cell culture and transfection

NIH 3T3 B2A2 cells or U2OS cells were transfected using Lipofect-
amine 2000 (Invitrogen). Briefly, NIH3T3 B2A2 cells were main-
tained in DMEM (Invitrogen) medium containing 10% calf
serum and 500 ng/mL tetracycline in an 8% CO2 atmosphere. For
U2OS cells, 10% FBS (Invitrogen) was used in DMEM medium.
On the day of transfection, 4.5 × 106 suspended cells were seeded
onto a 10-cm dish immediately before adding the DNA-lipid (1:3)
mixture, which was prepared by blending DNA-OptiMEM solution
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with Lipofetamine2000-OptiMEM solution as described in the
manufacturer’s manual. Each 10-cm dish of cells was transfected
with 18 μg of total plasmid DNA, including carrier plasmid and
6 μg of each expression plasmid, and incubated for 24 h. In ex-
periments where increased protein phosphorylation was desired,
calyculin A (Cell Signaling) was added to the cultured cells 1 h
before the cells were harvested and lysed. DMSO was used as a sol-
vent control.

Coimmunoprecipitation and Western blot analysis

Cytoplasmic lysate preparation and co-IP experiments were as de-
scribed previously (Ezzeddine et al. 2007). Briefly, 24 h after trans-
fection, cells expressing transfected plasmid DNA were harvested
and lysed at 4°C in 600 μL lysis buffer (20 mM Tris-HCl, pH 7.4,
150 mM NaCl, 1% NP-40, 1 mM Na-orthovanadate, 1 mM Na-py-
rophosphate, and 1 mM NaF, supplemented with a protease inhib-
itor cocktail [Roche]). Fifty microliters of cell lysate were saved as an
“input” control, and the rest was incubated with anti-V5 or -HA epi-
tope antibody-conjugated agarose beads (Sigma) in the presence of
0.1 mg/mL RNase A at 4°C for 2 h. The beads were subjected to five
washes with the lysis buffer and one wash with PBS. The coprecipi-
tated proteins were separated by SDS-PAGE and visualized by
Western blotting with the cognate antibodies. For phosphatase
treatment, the washed immunoprecipitation beads were incubated
with alkaline phosphatase (Fermentase) after for 1 h at 37°C, with
gentle agitation every 10 min. The lysate from cells ectopically
expressing PABPC1 was incubated with beads treated with either
phosphatase or vehicle before a second round of immunoprecipita-
tion. ForWestern blot analysis, the protein samples were resolved on
a 7% or 10% SDS-PAGE and transferred to Immobilon-P mem-
branes (Millipore). To detect V5-tagged or HA-tagged proteins,
membranes were incubated with horseradish peroxidase (HRP)-
conjugated monoclonal anti-V5 antibody (1/5000; Invitrogen) or
HRP-conjugated monoclonal anti-HA antibody (1/1000; Roche),
respectively. For detecting endogenous proteins, membranes were
first incubated with rabbit anti-Caf1-B peptide antibody (1/1000)
(Yamashita et al. 2005), rabbit anti-Ago2 (1/1000; Biosensis), rabbit
anti-eRF3b (1/2000; Proteintech), rabbit anti-Pan2-B peptide (1/
2000) (Yamashita et al. 2005), rabbit anti-PABPC1 (1/4000; a gift
from R. Lloyd, Baylor College of Medicine), or mouse anti-β-ac-
tin-HRP monoclonal antibody (1/10,000; Santa Cruz). Secondary
HRP-conjugated goat anti-rabbit antibodies (1/4000; Bethyl) or
goat anti-mouse antibodies (1/5000; Bio-Rad) were used for detec-
tion with chemiluminescence reagent (peroxide/luminol enhancer;
Pierce). Images were acquired by GeneGnome (Syngene) and ana-
lyzed by GeneSnap software.

Poly(A) tail distribution

Total RNA was isolated from U2OS cells with the RNeasy Mini kit
(Qiagen). Poly(A) tail size-distribution profile analysis was per-
formed as described previously (Lingner and Keller 1993). Briefly,
total RNA was end-labeled with [α-32P]3′-Cordycepin and yeast
poly(A) polymerase (Affimatrix). Labeled RNA was then digested
with RNase T1 (Sigma) and RNase A (Sigma). Radioactivity was
measured after precipitation with trichloroacetic acid, and 20,000
CPM of each sample was loaded and separated on an 8% denaturing
polyacrylamide-urea gel. Autoradiograms were scanned and ana-

lyzed by ImageJ software (NIH) to create poly(A) length-distribu-
tion profiles.

Renilla and firefly dual luciferase assay

U2OS cells were transiently transfected using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions. Briefly,
0.6 × 106 of U2OS cells were seeded in six-well plates before addition
of 20 ng of the reporter plasmid (psi-check2 or psi-check2-4xboxB)
and 3 ug of pcDNA-λN-HA-lacZ, pcDNA-λN-HA-TNRC6C (WT
ormutant). Cells were harvested 42 h after transfection, and samples
were analyzed simultaneously for firefly and Renilla luciferase activ-
ities using the Dual-Glo Luciferase Assay System (Promega) accord-
ing to the manufacturer’s instructions. The relative levels of Renilla
luciferase activity were normalized by dividing each reporter’s
Renilla luciferase activity by its firefly luciferase control.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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